Abstract Detection, purification and characterization of proteins are essential procedures in the field of biochemistry. Epitope tag systems are commonly used to characterize unknown proteins. The Deinococcus radiodurans bacterial phytochrome (DrBphP) protein has been used as an antigen to generate anti-DrBphP mouse monoclonal antibodies and to identify their specific epitopes. Among these antibodies, the 2B8 monoclonal antibody recognizes an epitope of 9 amino acids (RDPLPFFPP). The 2B8 epitope does not match the amino acid sequence for any known protein. On Western blot analysis, the 2B8 antibody showed strong and highly specific interactions with the 2B8 epitope. These results suggest that the 2B8 epitope-antibody is a useful epitope tag system for protein characterization. In addition, we generated a modified epitope (RDPLPAFPP) via point mutation in a previous study. This modified epitope showed significantly increased reactivity with the 2B8 antibody. In this study, we developed a protein purification system using the 2B8 epitope tag and antibody. 2B8 antibodies were bound to protein G-agarose beads as affinity ligands. Recombinant DrBphP proteins were then exposed to 2B8 antibody-bound protein G-agarose beads. Bound DrBphP proteins were then eluted by competition with the original or modified 2B8 epitope peptides. DrBphP proteins were successfully purified via an affinity chromatography system using a 2B8 original peptide and even better purified using the 2B8 modified peptide. These findings indicate that the 2B8 epitope tag system is a better tool for protein detection and purification.
Introduction
Epitope tag system is a very useful tool for detection, purification and characterization in the field of protein study [1, 2] . Commercially useful epitope tags are generally composed of 6-12 amino acids that can be detected by their corresponding antibodies with high specificity and reactivity. Epitope tags are highly advantageous for minimizing side effects on the structural change as well as biological functional change of the tagged target protein [3] . The most commonly used and well-characterized commercially available epitope tags include the His-tag, FLAG-tag [4] , Myc-tag [5] and HA-tag [6] . Among others, the FLAG-tag is the most widely used. In addition, Myctag and HA-tag are still effectively used for Western blot, ELISA and localizing of target proteins. However, these epitope tag systems have reported some weak points for protein characterization. The FLAG-tag showed disturbing non-specific binding caused by Flag M2 monoclonal antibody in Brassica juncea, the Indian mustard plant [7] . Additionally, the FLAG-tag sequence has the potential to be sulfated resulting in reduced activity of the target protein [8, 9] . Myc-tag and HA-tag are not suitable for native protein purification in structural studies. The HA-tag can be cleaved and loses its immunoreactivity during apoptosis in HeLa cells [10] . These problems presumably caused by the structural or ionic characteristics of the tag sequence or clonality of the antibodies. Therefore, the selection of the most suitable tag system could be the important to succeed the protein works. Previously, we reported a new epitope tag (2B8) with its recognizing 2B8 antibody including its possibility to be a new epitope tagging system [11] . 2B8 antibody was generated and recognized accidently during the structural study of DrBphP protein, a light-sensing photoreceptor similar to plant phytochrome. Five monoclonal antiDrBphP antibodies have been characterized to find out their specific epitopes. Among these antibodies, the monoclonal 2B8 antibody recognized a short sequence 3-11 amino acids of DrBphP. Surprisingly, this one linear 9-amino-acid sequence (R 3 D 4 P 5 L 6 P 7 F 8 F 9 P 10 P 11 , the 2B8 epitope sequence) showed no matched amino acid sequence of any known protein. When we compared its immune responses with other commercial epitope tags, including the His-tag, Myc-tag and FLAG-tag, 2B8 antibody showed highly specific and strong interactions to the 2B8 epitope in Western blot analysis. In addition, we reported the increased immune response of 2B8 antibody for a modified epitope (RDPLPAFPP) sequence [12] . The modified epitope showed a meaningful increase in immune response compared with the original epitope on the Western blot and ELISA. Therefore, we could suggest the modified 2B8 epitope tag as an important tag for the 2B8 antibody as well as the modified 2B8 epitope tag can be used as a competitor of original tag during immuno-affinity purification of target proteins.
In this study, we confirmed the effectiveness of the 2B8-tag and antibody using the pull-down assay and immunoaffinity protein purification. Epitope-tagged proteins can be purified using antibodies that immobilized on the beads. Proteins captured by antibody were usually eluted with free peptide by competition of antigen-antibody interactions. In some case, antigen-antibody interactions could be disrupted by high salt concentrations, extreme pH levels as well, but in most case free excess epitope peptide is used to elute the antibody captured target proteins [13] . Commercial epitope tags have been developed the immuno-affinity protein purification system with various elution methods. In the case of the HA-tag, four elution options are available: 1 mg/mL HA peptide in TBS, 0.1 M glycine (pH 2-2.8), 3 M NaSCN, or 50 mM NaOH [14] . However, such high salt concentrations, extreme pH levels and the presence of detergent could irreversibly affect the structures or biological functions of target proteins. Other similar epitope tags such as Flag-tag [15] , 1D4-tag [16] , MAP-tag [17] and SRT-tag [18] basically use the target protein elution via peptide competition with some additional detergents such as Tween-20 and Triton-X 100. In our 2B8 epitope tag system, competitive peptide elution method was used for protein purification due to this method is the most mild condition that the purified target protein might stay native during elution and purification. In this study, the modified 2B8 peptide increased the elution efficiency compared to the original peptide. Taken together, the 2B8 epitope tag system is a better protein tagging system for detection of target proteins as well as for protein purification. 2B8-tagged protein purification was most effective when the modified tag was used for elution to the original tagged target protein. Here, we report a pull-down assay as well as an immuno-affinity purification results of 2B8 epitope tag system.
Materials and methods

Purification of 2B8 antibody
2B8 mouse monoclonal antibody was produced through ascites production. Five-week-old female BALB/c nude mice were purchased from Nara Biotech (Seoul, Korea). After a week of adaptation, 0.5 ml of pristine (2, 6, 10, 14 tetra methyl pentadecane, Sigma-Aldrich, Poole, UK) was injected intraperitoneally into each mouse. One week later, 5 9 10 5 hybridoma cells were injected. The production of ascitic fluid was evaluated in mice daily. Ten days later, the abdomens of the mice were enlarged. Using 19-gauge needles, ascitic fluid was harvested and centrifuged at 3000 g for 10 min to remove cells. 2B8 antibody was then purified using protein G-agarose (Thermo, Waltham, MA, USA). The ascitic fluid was subjected to protein G beads and incubated for 1 h at 4°C with shaking and transferred to a column. The mixture was washed with PBS (137 mM NaCl, and 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2-PO 4 , pH 7.4), and then 2B8 antibodies were eluted with elution buffer (0.1 M glycine, pH 2.5) and neutralized using neutralization buffer (1 M Tris-Cl, pH 8.0). Purified 2B8 antibodies were then subjected to Amicon Ultra-15 (Milipore, Bedford, MA, USA) to change and concentrate the buffer into the PBS containing 0.05% sodium azide. Purification of 2B8 antibodies as well as the reducing/nonreducing states was confirmed by SDS-PAGE analysis. 2B8 antibodies were then stored at -70°C for later use.
Preparation of original and modified epitope peptides
The original peptide (RDPLPFFPP) and a modified peptide (RDPLPAFPP) for the 2B8 antibody were purchased from Biostem (Ansan, Korea). These peptides were dissolved in PBS and stored at -70°C for later use.
Purification of DrBphP proteins
DrBphP DNA structures were cloned into pET-21(a) vectors and transformed into E. coli BL-21(DE3) cells. The cells were grown in LB medium supplemented with ampicillin (100 lg/m) at 37°C until the cells reached an OD at 600 nm (OD 600 ) of 0.4-0.6; at that time 0.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) was added and transferred to 18°C. After 18-h protein induction, cells were harvested by centrifugation (5000 rpm for 5 min). The harvested cells were resuspended in PBS and lysed by sonication on ice. After sonication, the cell lysates were centrifuged at 10,000 rpm for 15 min at 4°C, and the supernatant obtained. Cell lysates were made fresh for the protein purification. Clarified cell lysate was subjected to Ni-NTA agarose beads (Qiagen, Hilden, Germany) and incubated at 4°C for 1 h with shaking. The mixture washed with a washing buffer (100 mM Tris-Cl, 200 mM NaCl, and 20 mM immidazole, pH 8.0), and target proteins were eluted with elution buffer (100 mM Tris-Cl, 200 mM NaCl, and 200 mM immidazole, pH 8.0). The purified target proteins were stored at -70°C for later use.
Pull-down assay and immuno-affinity purification of DrBphP proteins 2B8 antibodies were mixed first with protein G-agarose (Thermo) for 1 h at 4°C with shaking. The heavy chains of antibody bound to protein G beads as affinity ligands. The 2B8 antibody-bound protein G-agarose beads were then washed with five-bead volumes of PBS-T (PBS containing 0.05% Tween-20) and mixed with cell lysate prepared above or purified DrBphP proteins followed incubation 30 min at 4°C. For pull-down assay, 2 lg of 2B8 antibody and twice of target protein were used. The beads then were washed with a five-bead volume of PBS-T. Finally, 0.1 M glycine (pH 2.5) was used to elute antibodies from the beads.
For immuno-affinity purification of DrBphP proteins, bound (protein G-agarose, 2B8 antibody and DrBphP protein) complexes that were prepared above for the pulldown assay were poured into a column and washed with a five-bead volume of PBS-T. Epitope peptide solution was applied into a column and incubated for 5 min. Bound DrBphP proteins were eluted with epitope peptide solution. The concentrations of epitope peptide for elution were 0.25, 0.5, 1 and 2 mg/mL. The purification was analyzed via SDS-PAGE and Coomassie blue or silver staining followed by the Western blot analysis.
SDS-PAGE and Western blot
All samples were mixed with SDS sample buffer (125 mM Tris-HCl, pH 6.8; 4% (wt/vol) SDS; 0.005% (wt/vol) bromophenol blue; 20% (vol/vol) glycerol; 5% (vol/vol) bmercaptoethanol). SDS-PAGE was performed with 12% Tris-glycine gels in Tris running buffer (25 mM Tris pH 8.3, 0.1% (vol/vol) SDS, 250 mM glycine) using a Hofer TM Dual Gel Caster (GE Healthcare, Buckinghamshire, UK) at 20 mA for 90 min. Proteins separated on 12% SDS-PAGE were also transferred to a polyvinylidene difluoride membrane (Invitrogen Life Technologies, Carlsbad, CA, USA). Anti-His (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used to detect DrBphP protein.
Horseradish peroxidase-conjugated anti-mouse IgG was used as a secondary antibody, and Western blot signals were detected by chemiluminescence using an ECL reaction (GE Healthcare).
Results
Pull-down assay using the 2B8 epitope tag system First, we evaluated whether the 2B8 antibody was capable to pull-down the target proteins (Fig. 1) . 2B8 antibodies were mixed first with protein G-agarose beads to use in the pull-down assay. Purified DrBphP proteins were used as a target protein for pull-down assay in comparison with purified recombinant GST::His proteins as a negative control. The pulled-down proteins and antibodies were eluted from the beads using 0.1 M glycine buffer (pH 2.5) and neutralized by 1 M Tris-Cl buffer (pH 8.0). Pull-down samples were analyzed by Western blot using anti-His antibody since both proteins contain His-tag. A strong DrBphP band was present at the correct 83-kDa size; those at the 55-and 25-kDa bands were heavy chain and light chain of 2B8 antibodies. Because the recombinant GST::His protein has no 2B8 epitope tag, these proteins were not pulled-down by the 2B8 antibodies. When antibodies were not subjected to the beads, no bands were present. 2B8 antibodies successfully pulled-down BphP proteins. We checked the pull-down of the DrBphP proteins from E. coli cell lysates (Fig. 2) . One hundred micrograms of cell lysate total proteins was subjected to 2B8 antibody-bound protein G-agarose beads and followed the above pull-down procedure. As expected, a strong purified DrBphP band was present at 83-kDa. 2B8-tag is confirmed as a useful tool for pull-down the target protein from the cell lysate total proteins.
Protein purification of DrBphP using the immunoaffinity system
2B8 antibody is believed to pull-down the 2B8-tagged proteins. We also applied the 2B8-tag system for immuno-affinity protein purification to confirm the equivalence of commercial Myc-or Flag-tag purification systems. 2B8-bound protein G-agarose beads were used to capture DrBphP proteins, and original or modified epitope peptides were used to elute DrBphP proteins. Concentrations of 0.25, 0.5, 1 or 2 mg/mL of epitope peptide solutions were used to elute DrBphP proteins twice. Elution was carried out in a stepwise manner, with a 5 min of dissociation time allowed for each elution step. Eluted fractions were then analyzed by Western blot analysis to detect DrBphP protein with anti-His antibody. Both original and modified epitope peptides effectively eluted DrBphP proteins from the 2B8 antibodies that bound to the protein G-agarose beads. At 0.25 mg/mL concentration, modified epitope peptide solution eluted DrBphP proteins most effectively compared to the original epitope peptide solution. As expected, the modified epitope peptide was more effective than the original epitope peptide for elution of the 2B8-tagged target protein. Figure 3 shows the general application of the 2B8 epitope tag system. To elute DrBphP proteins, 0.5 mg/mL of epitope peptide solution was used three times. Result indicates that the modified epitope peptide eluted target DrBphP proteins more effectively compared to the original epitope peptide. Table 1 shows protein yield of two elution method. 4 lg of 2B8 antibody was bound to the protein G-agarose, and 0.5 mg/mL epitope peptide solution was used to elute target protein. 2 Pull-down of DrBphP proteins from E. coli cell lysates total proteins. Cell lysates total proteins were mixed with 2B8 antibody and protein G-agarose beads. The mixture was transferred to a column and eluted with 0.1 M glycine buffer. Each fraction was analyzed using 12% SDS-PAGE followed by Western blot (top) and Coomassie blue staining (bottom). T cell lysates of E. coli, Non non-binding of mixture, W1 1st wash, W3 3rd wash, W5 5th wash, P pulled-down proteins epitope peptide. Consequently, 2B8-tag and antibody can be used effectively for the immuno-affinity protein purification in the 2B8 epitope tag system.
Discussion
Commercially available epitope tags have shown many weak points and limitations including non-specific interaction and structural changes of target proteins [7] [8] [9] [10] .
Therefore, the overcome of these limitations will progress the protein studies in many biological applications. The prerequisite for the epitope tag system is the highest specificity and immune reactivity. In this point, the 2B8 monoclonal antibody is the best candidate as an epitope tag [11] . The 2B8 antibody recognizes 9 amino acids of 2B8 epitope tag. This 9-amino-acid sequence is not found in any existing protein database, suggesting that the 2B8 antibody can be the highest specific theoretically in all organisms. When we tested this possibility in several species, non-specific bands were not appeared from total protein extracts (data not shown). Additionally, the 2B8 epitope tag sequence contains only two charged amino acids (one positive charge, R and one negative charge, D) compared with commercial Myc-tag (5 charged amino acids out of 10), Flag-tag (7 charged amino acids out of 8) and His-tag (6 charged amino acids out of 6 under pH 6.5). Since more charged amino acids of tags might have more chance to interact with target proteins non-specifically, less charged 2B8-tag is the better candidate for protein tagging. Non-specific charge interactions sometimes unlikely influence to the biological functions of tagged proteins. Moreover, including the higher reactive modified epitope, the 2B8 epitope tag is a promising epitope tag system.
We tested the 2B8 epitope tag system for various immuno-assays such as Western blot, ELISA and pulldown assay. The 2B8 epitope tag system was suitable for Western blot and ELISA [12] . We also compared immune reactivity of the 2B8 antibody with the anti-His antibody that anti-His antibody normally detected 0.1 lg of DrBphP::His proteins, but 2B8 antibody efficiently detected 0.05 lg of DrBphP::His protein (data not shown). In this study, 2B8 antibodies successfully pulled-down DrBphP proteins from cell lysates which suggest the 2B8 will likely be a useful tool in other immuno-assays. In case of ChIP-Seq assays using Myc or Flag tags, results show troublesome background noise or non-specific peaks which do not meet the full requirements of ChIP-Seq assays [19] . These problems are probably related to the negatively charged amino acids of the Myc and Flag tags. The Myctag has four negative charges; furthermore, the FLAG-tag has five negative charges. These higher negative charges might interact ionic with highly positive charged histone proteins non-specifically during ChIP-Seq assay procedure. In this point, the 2B8 epitope had only one negative charge, suggesting that the 2B8 epitope tag will be a good option for ChIP-Seq assays. Fig. 3 Immuno-affinity purification of the 2B8-tagged protein.
DrBphP proteins from cell lysates were mixed with 2B8 antibody and protein G-agarose beads. In a column with several washes, the target protein was eluted with 0.5 mg/mL epitope peptide solution 3 times. Each fraction was analyzed by 12% SDS-PAGE followed by Western blot (top) and silver staining (bottom). T cell lysates of E. coli, Non non-binding of mixture, W1 1st wash, W5 5th wash, E1 1st elution, E2 2nd elution, E3 3rd elution, E4 4th elution, OUT remnants on the protein G-agarose beads after elution To extend the application of the 2B8 epitope tag system, immuno-affinity purification of tagged protein was evaluated. Antigen-antibody interactions can be disrupted by high salt concentrations, extreme pH levels or competition with a high concentration of the epitope peptide. Other similar small epitope tag systems such as Flag-tag [15] , 1D4-tag [16] , MAP-tag [17] and SRT-tag [18] used antibody-immobilized beads for target protein binding followed epitope peptide elution for protein purification. In some cases, detergents such as Tween-20 and Triton-X 100 were additionally used to elute target proteins. 1D4-tag elution buffer contained 0.2 mg/mL peptide in TBS with 0.2% Triton-X 100 [16] . In the case of 2B8, original peptide and more reactive modified epitope peptides were used to elute the target protein from the antibody. Both original epitope peptide and modified epitope peptide competitively broke the interactions between the antibody and tagged proteins and eluted the target proteins. To find out the optimum elution concentration of peptide, various concentrations of peptide such as 0.25, 0.5, 1, 2 mg/mL were used to elute target proteins. However, 0.25 mg/mL concentration was enough for optimum elution that increased concentrations of peptide did not increased elution (Supplementary data). However, modified epitope peptide solution eluted target proteins more effectively than the original epitope peptide solution at all concentrations. Commercial Myc-and Flag-tag purification systems generally use a 0.5 mg/mL concentration peptide solution which is also advantageous of the 2B8 epitope tag system for protein purification.
